




















































































The	 global-mean	 precipitation	 change	 in	 response	 to	 CO2-forced	 warming,	
normalized	by	global-mean	surface	warming,	is	referred	to	as	the	hydrologic	sensitivity.	It	is	
estimated	 at	 1-3%	 K-1,	 much	 lower	 than	 the	 rate	 of	 increasing	 atmospheric	 moisture	





sensible	heat	 flux.	Together,	 the	change	 in	the	all-sky	ARC	with	the	change	 in	the	surface	
sensible	heat	flux	provide	a	more	accurate	and	complete	energetic	constraint	on	hydrologic	
sensitivity	than	by	using	the	clear-sky	radiative	cooling	alone.		
Idealized	 aquaplanet	 simulations	 using	 SP-CAM	 are	 analyzed	 to	 assess	 the	
temperature	dependence	of	the	hydrologic	cycle	and	the	large-scale	circulation	responses	to	
CREs.	We	examine	 the	 response	of	 the	hydrologic	 cycle	and	the	 large-scale	 circulation	 to	
CREs	at	 a	 range	of	 sea	 surface	 temperatures	 (SSTs),	 including	a	 cool	 (280	K)	SST	 that	 is	
representative	of	the	mid-latitudes;	typically,	the	extratropics	have	been	less	studied	than	
the	tropics	in	similar	idealized	simulations.	We	use	simulations	with	uniform	SSTs	to	test	the	
hypothesis	 that	 CREs	 enhance	 precipitation	 variability	 at	 cool	 temperatures,	 and	 reduce	
	 iii	
precipitation	 variability	 at	 warm	 temperatures.	 In	 these	 simulations,	 our	 hypothesis	 is	
confirmed.	In	less	idealized	simulations	with	a	more	realistic	SST	pattern,	the	influence	of	
CREs	on	precipitation	variability	is	obscured	by	other	circulation	changes.		
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systems	 as	 well.	 Consider	 agriculture,	 for	 example.	 Along	 with	 temperature	 and	 solar	
radiation,	 average	 precipitation	 rates	 determine	 the	 types	 of	 agricultural	 crops	 that	will	
grow,	 when	 they	 will	 grow,	 and	 how	 well	 (Hollinger	 and	 Angel,	 2009).	 In	 response	 to	
warming	 surface	 temperatures,	 the	 globally	 averaged	 precipitation	 rate	 is	 expected	 to	
increase	 by	 approximately	 1-3%	K-1	 (Allen	 and	 Ingram,	 2002).	 Not	 only	will	 changes	 in	
average	precipitation	rates	affect	ecosystems	and	agriculture,	but	also	fresh	water	resources	




Over	a	given	period	of	 time,	however,	 the	precipitation	will	not	 fall	as	 the	average	
amount.	 Rather,	 the	 amount	 of	 precipitation	 that	 falls	 varies	 around	 the	 average,	 and	
therefore	variability	is	an	important	statistic	to	consider	as	well.	In	a	future,	warmer	climate,	
precipitation	variability	is	expected	to	increase	(Pendergrass	et	al.,	2017).	As	with	changes	








together,	 these	 changes	 can	 increase	 the	 vulnerability	 of	 certain	 populations	 to	 climate	
change	while	they	simultaneously	face	other	stressors	(Thornton	et	al.,	2014;	Dilling	et	al.,	
2015).	
Whereas	 a	 change	 in	 the	 variability	 alone	 will	 increase	 both	 the	 frequency	 and	
intensity	of	extreme	values	on	both	ends	of	a	distribution,	a	change	in	the	mean	alone	will	













Much	 like	 the	 hydrologic	 cycle,	 clouds	 are	 an	 integral	 piece	 of	 the	 climate	 system	
puzzle.	 They	 produce	 precipitation,	 redistribute	 moisture	 in	 the	 atmosphere	 through	
convection,	 release	 latent	 heat,	 and	 affect	 the	 Earth’s	 atmospheric	 energy	 budget.	
Radiatively,	clouds	reflect	incoming	solar	energy,	and	absorb	and	re-emit	longwave	energy;	
these	 cloud	 radiative	 effects	 (CREs)	 can	 influence	 the	 atmospheric	 circulation	 and	 the	
hydrologic	cycle.		
The	overarching	goal	of	this	dissertation	is	to	examine	the	influence	of	CREs	on	the	
hydrologic	cycle.	 In	Chapter	2,	we	 investigate	the	role	of	CREs	 in	constraining	the	global-
mean	precipitation	change	 in	response	to	CO2-forced	warming.	 In	Chapter	3,	we	shift	our	
focus	from	changes	in	the	mean	to	changes	in	the	variability.	In	Chapters	4	and	5,	we	explore	
the	 temperature	 dependence	 of	 precipitation	 variability	 in	 response	 to	 CREs	 within	 the	





The	 focus	 of	 Chapter	 2	 is	 on	 hydrologic	 sensitivity:	 the	 change	 in	 global-mean	
precipitation	 normalized	 by	 the	 change	 in	 global-mean	 surface	 warming.	 Hydrologic	
sensitivity	 is	 energetically	 constrained,	 such	 that	 any	 change	 in	 precipitation	 must	 be	
balanced	by	changes	 in	 the	net	cooling	 in	 the	atmosphere,	which	 includes	changes	 in	 the	
radiative	cooling	of	the	atmosphere	and	in	the	surface	sensible	heat	flux.	Attempts	to	simplify	






and	 examine	 the	 role	 of	 CREs	 in	 constraining	 the	 change	 in	 global-mean	precipitation	 in	
response	to	warming.			
	 In	Chapter	3,	we	introduce	the	subject	of	precipitation	variability.	Whereas	average	
precipitation	 changes	have	been	widely	 studied,	 changes	 in	precipitation	variability	have	
received	relatively	little	attention.	Unlike	changes	in	the	global	mean,	however,	variability	
can	be	used	to	better	understand	the	changes	that	are	felt.	Furthermore,	variability	is	useful	





tropics	 and	 that	 CREs	 enhance	 precipitation	 variability	 in	 the	 extratropics;	 they	 further	
suggested	that	these	different	responses	were	tied	to	differences	in	the	surface	temperatures	
of	 those	 regions.	 To	 test	 this	 hypothesis,	 we	 analyze	 several	 sets	 of	 highly	 idealized	




























beyond	 the	 more	 conceptual	 musings	 of	 Mitchell	 et	 al.	 (1987)	 and	 the	 surface-budget	
approach	 of	 Boer	 (1993).	 Allen	 and	 Ingram	 (2002)	 noted	 the	 discrepancy	 between	 the	
change	 in	 global-mean	 tropospheric	 humidity	 and	 the	 change	 in	 the	 global-mean	
precipitation	 rate	 in	 response	 to	 warming	 surface	 temperatures,	 in	 which	 water	 vapor	
increases	 at	 a	 rate	 of	 approximately	 7%	 K-1	 in	 accordance	 with	 the	 Clausius-Clapeyron	
relation,	 but	 precipitation	 increases	 at	 a	 much	 lower	 rate	 between	 1-3%	 K-1.	 From	 this	
discrepancy,	 they	concluded	that	precipitation	changes	are	not	constrained	by	changes	 in	







= 𝐿𝑃 + 𝑆𝐻𝐹 − 𝐴𝑅𝐶,																							(eq. 2.1)	
where	𝐸# 	is	the	Earth’s	atmospheric	energy,	LP	is	the	latent	heat	of	precipitation,	SHF	is	the	
sensible	 heat	 flux,	 and	 ARC	 is	 atmospheric	 radiative	 cooling.	 As	 in	 Naegele	 and	 Randall	
(2019),	 the	 ARC	 is	 used	 for	 convenience	 so	 that	 cooling	 is	 positive,	 rather	 than	 the	
conventional	diabatic	heating	 rate,	Q.	The	hydrologic	 cycle	equilibrates	on	 the	order	of	 a	
month,	so	we	can	expect	precipitation,	ARC,	and	sensible	heating	to	balance	globally,	and	on	
sufficiently	long	timescales:	
𝐿𝑃 = 𝐴𝑅𝐶 − 𝑆𝐻𝐹.																																				(eq. 2.2)	
Considering	the	ways	in	ways	these	quantities	change	with	warming,	equation	2.2	can	be	
rewritten	in	terms	of	perturbations,	as:	
𝐿𝛿𝑃 = 𝛿𝐴𝑅𝐶 − 𝛿𝑆𝐻𝐹.																												(eq. 2.3)	
	
2.1.1	AN	ENERGETIC	OR	RADIATIVE	CONSTRAINT?	
	 Following	 Allan	 and	 Ingram	 (2002),	 a	 number	 of	 modeling	 studies	 have	 since	






















acknowledge	that	 the	change	 in	the	surface	sensible	heat	 flux	may	not	be	trivial,	 but	still	
focus	on	only	the	radiative	portion	of	the	constraint	(e.g.	Pendergrass	and	Hartmann,	2014).		




(2008)	 for	 example,	 explicitly	 state	 that	 any	 reduction	 in	 SHF	 must	 be	 balanced	 by	 an	
increase	 in	 precipitation	 if	 the	 ARC	 remains	 constant.	 Although	 it	 is	 neither	 given	 nor	







between	 the	 change	 in	 precipitation	 and	 the	 change	 in	 ARC	 alone.	 Notably,	 but	 perhaps	





In	addition	to	the	 focus	on	the	relative	 importance	of	 the	sensible	heat	 flux	 in	 this	
balance,	another	subject	of	debate	is	the	significance	of	the	cloud	contribution	to	the	total	
ARC	 in	 the	 radiative	 constraint	 on	 precipitation.	 In	 one	 camp,	 a	 number	 of	 studies	 have	
focused	on	the	change	in	clear-sky	(rather	than	all-sky)	radiative	cooling	in	constraining	the	
global-mean	 change	 in	 the	 hydrologic	 cycle.	 For	 example,	 although	 Allan	 (2006)	
acknowledges	the	necessity	of	accounting	for	cloud	radiative	effects	(CREs)	in	future	studies,	
they	 specifically	 emphasize	 the	 importance	 of	 clear-sky	 longwave	 cooling	 in	 the	 global	
hydrologic	cycle.	Pointing	out	 that	 the	cloud	contribution	to	the	total	 longwave	cooling	 is	
 11	
typically	only	20%	(Sohn,	1999),	and	the	considerable	uncertainties	of	global	cloud	datasets	




all-sky	 contribution.	 In	 an	 analysis	 of	 an	 ensemble	 of	 GCMs	 with	 a	 doubling	 of	 CO2	




(2014)	 investigate	how	well	 the	radiative	 constraint	holds	 in	a	warming	climate.	 In	 their	
study,	they	find	that	the	clear-sky	ARC	is	more	strongly	correlated	with	precipitation	changes	
than	 the	 all-sky	 ARC	 (Figure	 2.2).	 Furthermore,	 in	 the	 multimodel	 mean,	 they	 find	 that	





there	 is	 considerable	uncertainty	around	observational	 estimates	of	 cloudiness.	Although	
both	of	these	points	are	true,	neither	justifies	the	disregard	of	the	role	of	CREs	on	changes	in	
























were	 used,	 and	 those	 criteria	 included	 the	 availability	 of	 monthly	 output	 and	 complete	
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Many	 studies	 have	 focused	 on	 the	 clear-sky	 radiative	 constraint	 on	 hydrologic	
sensitivity,	but	here	we	also	consider	the	role	of	clouds	in	this	constraint.	Figure	2.3	shows	
the	 normalized	 change	 in	 precipitation	 (shown	 as	 the	 latent	 heat	 of	 precipitation,	
LδP)	against	 the	 normalized	 change	 in	 all-sky	 (δARCall)	 and	 clear-sky	 (δARCall)	 ARC.	 The	
inter-model	spread	of	the	precipitation	change	is	not	small,	and	(excluding	outliers)	ranges	


























the	equator,	 and	 it	makes	 sense	 that	 this	would	occur	 in	a	very	 cloudy	 region.	Here,	 the	
zonally	 averaged	 ARCclr	 increases	with	warming	 due	 to	 increases	 in	water	 vapor,	 but	 in	
ARCall,	this	change	is	masked	by	clouds	that	block	outgoing	longwave	radiation	(OLR).	The	
near-zero	 change	 in	 the	 ITCZ	 is	 consistent	with	 the	Fixed	Anvil	Temperature	Hypothesis	
(Hartmann	 and	 Larson,	 2002)	 and	 subsequent	 Proportionally	Higher	Anvil	 Temperature	
Hypothesis	 (Zelinka	 and	Hartmann,	 2010).	 According	 to	 these	 hypotheses,	 the	 cloud	 top	




































LP	 ARCclr	 ARCall	 CRE	 𝐒𝐇𝐅	






𝐋𝛅𝐏	 𝛅ARCclr	 𝛅ARCall	 𝛅𝐂𝐑𝐄	 𝛅𝐒𝐇𝐅	





FIGURE	 2.6.	The	normalized	global-mean	change	 in	 the	 latent	heat	of	precipitation	 (𝐿𝛿𝑃)	












combined	δARCall	 –	 δSHF	 ranges	 from	 a	minimum	 of	 0.67	W	m-2	 to	 a	maximum	of	 1.51																





fast	 precipitation	 response.	Whereas	 the	 change	 in	 the	 all-sky	 atmospheric	 cooling	more	
closely	matches	 the	 change	 in	 precipitation,	 the	 change	 in	 clear-sky	 atmospheric	 cooling	

















the	 combined	 δARCclr	 –	 δSHF,	 we	 do	 not	 expect	 δCRE	 and	 δSHF	 to	 balance	 each	 other	
 22	





















2014)	 have	 emphasized	 the	 strong	 correlation	 between	 clear-sky	 δARC	 and	 LδP	 with	
warming.	 The	 uncertainties	 associated	 with	 cloud	 observations,	 combined	 with	 the	
notorious	inter-model	variability	of	cloud	feedbacks	in	simulations	(Soden	and	Held,	2006),	

































to	a	combination	of	changes	in	 the	ARC,	 the	near-surface	air	 temperature,	and	the	rate	 in	
oceanic	heat	storage.		





change	 in	 the	 surface	SHF	with	warming.	Of	 course,	 the	 change	 in	 the	SHF	 is	only	one	of	
several	factors	that	remain	uncertain,	and	the	change	of	the	CRE	on	the	ARC	has	plenty	of	
potential	 to	be	 further	constrained.	However,	 the	surface	energy	budget	approach	can	be	








Chapter	 2	 examined	 the	 role	of	 cloud	 radiative	 effects	 (CREs)	 on	 the	 global	mean	
precipitation	change	in	response	to	warming.	Although	it	is	both	important	and	necessary	to	
understand	 changes	 in	 the	 global	 mean,	 this	 measure	 fails	 to	 provide	 a	 meaningful	
representation	 of	 how	 the	 impacts	 of	 precipitation	 on	 the	 environment	 and	 society	will	
change	in	the	future,	given	that	such	changes	are	felt	locally,	not	globally.	To	that	end,	broad	
regional	 projections	 of	 precipitation	 changes—for	 example,	 the	wet-get-wetter	 paradigm	
(Held	 and	 Soden,	 2006)—are	 somewhat	 more	 useful.	 Changes	 in	 spatial	 and	 temporal	
precipitation	variability,	on	the	other	hand,	are	highly	relevant	to	society,	but	research	on	
the	subject	is	lacking.	Precipitation	variability	provides	a	means	of	connecting	(extreme)	wet	
and	 dry	 events,	 which,	 for	 example,	 are	 relevant	 to	 flooding	 and	 agricultural	 drought.	
Therefore,	an	examination	of	the	changes	in	extreme	precipitation	with	warming—a	topic	
that	 has	 received	 ample	 attention—can	 facilitate	 an	 understanding	 of	 the	 response	 of	
precipitation	variability	to	warming.	
Trenberth	(1999)	proposed	that	extreme	precipitation	will	increase	with	increasing	
greenhouse	 gas	 (GHG)	 concentrations.	 The	 reasoning	 is	 straightforward:	 increasing	 GHG	
concentrations	increase	downwelling	longwave	radiation	at	the	surface.	This	raises	surface	







and	 Ingram,	2002).	 Since	 then,	 increases	 in	extreme	precipitation	have	 consistently	been	
found	 in	more	 recent	 projections	 from	 the	 Fifth	 Coupled	Model	 Intercomparison	Project	
(CMIP),	 and	 furthermore,	 some	 regional	 observations	 show	 an	 amplified	 response	 in	
extreme	precipitation	changes	compared	to	models	(Myhre	et	al.,	2019).			
Of	course,	changes	 in	extreme	precipitation	are	not	driven	by	changes	 in	moisture	
availability	 alone,	 as	 evidenced	 by	 the	 sub-Clausius-Clapeyron	 scaling	 of	 extreme	
precipitation	in	the	extratropics	(e.g.	O’Gorman	and	Schneider,	2009)	and	super-Clausius-
Clapeyron	 scaling	 of	 extreme	 precipitation	 in	 the	 tropics	 (e.g.	 Allen	 and	 Ingram,	 2002).	
Although	 the	 thermodynamic	 contribution	 to	 extreme	 precipitation	 is	 useful	 for	
understanding	the	general	response	to	warming,	the	dynamic	contribution	is	necessary	to	















have	 focused	 on	 interannual	 variability,	 particularly	 in	 relation	 to	 the	 El	 Niño	 Southern	
Oscillation	(e.g.	Trenberth	et	al.,	2005).	For	example,	in	response	to	warming,	the	change	in	
mean	 precipitation	 correlates	 strongly	 with	 the	 change	 in	 interannual	 precipitation	
variability	in	the	Niño	3.4	and	Niño	4	regions	(Watanabe	et	al.,	2014).	Another	emphasis	has	
been	 on	 the	 Madden-Julian	 Oscillation	 (e.g.	 Zhang,	 2005),	 a	 major	 source	 of	 tropical	
intraseasonal	precipitation	variability.		
Beyond	 the	 tropics,	 using	 CMIP3	 projections,	 Seager	 et	 al.	 (2012)	 found	 that	 the	
interannual	variability	of	precipitation	–	evaporation	increases	with	warming	over	most	of	
the	 globe.	 More	 recent	 analyses,	 however,	 have	 shown	 that	 the	 changes	 in	 interannual	
variability	with	warming	 are	 not	 the	 same	 everywhere.	 He	 and	 Li	 (2019)	 compared	 the	
change	 of	 interannual	 precipitation	 variability	 in	 ascending	 and	 descending	 regions,	 and	
found	that	ascending	regions	increase	by	3.2%	K-1,	whereas	variability	decreases	slightly	by	





From	 these	 studies,	 several	 gaps	 in	 the	 understanding	 of	 precipitation	 variability	




does	not	necessarily	 translate	 to	an	understanding	of	 intraseasonal	or	daily	precipitation	
variability.	Additionally,	the	bulk	of	the	research	on	precipitation	variability	has	a	tropical	
focus,	 leaving	 the	 extratropics	 largely	 ignored.	 Finally,	 the	 relationships	 between	




radiative	 cooling	 (ARC)	 in	 tropical	 regions	 where	 precipitation	 and	 ARC	 are	 negatively	
correlated,	 and	 that	 clouds	 tend	 to	 increase	 the	 ARC	 in	 extratropical	 regions	 where	












radiation—and	 thus	 ARC—by	 precipitating	 cloud	 systems,	 which	 reduces	 the	 energetic	

















climate	 system,	 from	 large-scale	 atmospheric	 circulation	 patterns	 (e.g.	 Slingo	 and	 Slingo,	














but	 its	meridional	 extent	as	well	 (Voigt	 and	Shaw,	2015).	Furthermore,	 the	precipitation	






2016)	 of	 the	 Intertropical	 Convergence	 Zone	 (ITCZ)	 with	 warming,	 all	 of	 which	 have	
implications	for	tropical	precipitation.	Observations	of	the	contraction	of	the	ITCZ	(Su	et	al.,	
2017)	have	been	suggested	as	evidence	of	convective	aggregation,	and	simulations	show	that	




latitude	 regions,	 and	 they	 should	 not	 be	 expected	 to	 behave	 similarly	 in	 different	
environments.	For	example,	Li	et	al.	(2015)	found	that	in	the	extratropics,	the	response	of	








al.,	 2016;	 Middlemas	 et	 al.,	 2019),	 and	 the	 Madden-Julian	 Oscillation	 (Raymond,	 2001;	
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Crueger	 and	 Stevens,	 2015;	Del	 Genio	 and	Chen,	 2015).	 Again,	 these	 studies	 all	 focus	 on	
tropical	variability.		
The	differences	between	the	tropical	and	extratropical	circulation	and	precipitation	
responses	 to	 CREs	 (Li	 et	 al.,	 2015),	 combined	 with	 the	 relative	 lack	 of	 research	 on	
extratropical	 precipitation	 variability,	 motivate	 a	 closer	 look	 at	 the	 differences	 in	 the	
response	of	tropical	and	extratropical	precipitation	variability	to	CREs.	Naegele	and	Randall	






















accurate	 extreme	 precipitation	 rates.	 Indeed,	 SP-CAM	 has	 been	 found	 to	 simulate	 more	
realistic	 extreme	 and	 light	 precipitation	 rates	 (Kooperman	 et	 al.,	 2016),	 as	 well	 as	 the	





with	 a	 solar	 zenith	 angle	 of	 50.5°,	 following	 Bretherton	 et	 al.	 (2005)	 and	 others.	 An	
aquaplanet	configuration	is	used	for	all	simulations,	meaning	that	the	globe	is	covered	with	
water	everywhere.	
















































280	ON	 11.84	 21.35	 23.69	
280	OFF	 9.78	 15.81	 17.44	
300	ON	 72.34	 146.1	 161.7	






















FIGURE	 4.4.	 The	 zonal	 mean	 (left)	 and	 zonal	 standard	 deviation	 (right)	 of	 the	 daily	





As	 expected,	 the	 zonal-mean	 precipitation	 increases	 with	 warming,	 and	 the	
sensitivity	to	temperature	increases	with	warming	as	well.	In	these	simulations	with	uniform	
SSTs,	 it	 is	 important	 to	 note	 that	 the	 meridional	 structure	 is	 influenced	 by	 circulation	
changes	due	to	rotation	alone,	and	not	by	changes	in	SST	with	latitude.	A	notable	meridional	
pattern	 is	 the	 set	 of	 three	 tropical	 minima	 in	 zonal-mean	 precipitation	 centered	 at	 the	
equator;	 warming	 enhances	 these	 minima	 and	 shifts	 them	 poleward.	 The	 three	 tropical	
minima	are	separated	by	maxima	on	either	side	of	the	equator,	which	are	indicative	of	double	




the	 precipitation	 rate	 around	 latitude	 circles	 is	 shown	 in	 the	 right	 panel	 of	 Figure	 4.4.	
Excluding	the	poles,	the	highest	daily	precipitation	variability	occurs	in	the	tropics	at	280	K,	
whereas	at	290	K,	the	highest	variability	occurs	near	30°	N	and	S.	At	300	K,	high	variability	
occurs	 over	 a	 large	 portion	 of	 the	 extratropics.	 Unlike	 the	 zonal-mean	 precipitation,	 the	
influence	of	the	CRE	on	the	precipitation	variability	is	temperature	dependent.	At	280	K,	the	
CRE	primarily	enhances	precipitation	variability.	 In	 the	warmer	simulations,	 the	primary	
influence	of	the	CRE	is	to	reduce	precipitation	variability.	This	effect	is	small	at	290	K	and	is	

























surprising—difference	 between	 SSTs	 is	 that	 moisture	 becomes	 more	 organized	 with	
warming.	At	300	K,	“tropical”	cyclones	develop	and	move	to	high	latitudes,	where	the	Coriolis	
parameter	is	large.	Similar	global	simulations	of	RCE	in	a	rotating	environment	in	previous	
studies	 have	 been	 shown	 to	 evolve	 into	 a	 “tropical	 cyclone	 world”	 (Khairoutdinov	 and	
Emanuel,	2013;	Shi	and	Bretherton,	2014;	Reed	and	Chavas,	2015).	These	“tropical”	cyclones	
have	 been	 interpreted	 as	 manifestations	 of	 convective	 aggregation	 in	 a	 rotating	
environment,	 and	 convective	 aggregation	 has	 been	 shown	 to	 occur	 only	 at	 warm	
temperatures	 (Khairoutdinov	and	Emanuel,	2010;	Wing	and	Emanuel,	2014),	which	may	
explain	why	cyclones	don’t	develop	in	the	cool	simulation.		
The	 coefficient	 of	 variation—defined	 as	 the	 standard	 deviation	 normalized	 by	 the	
mean—of	 the	 precipitable	 can	 be	 used	 to	measure	 the	 degree	 of	 organization	 (Naegele,	
2016).	The	coefficient	of	variation	shows	that	the	CRE	slightly	reduces	organization	at	300	




Distributions	 of	 the	 PW	 (as	 the	 percentage	 of	 global	 area	 covered)	 are	 shown	 in	
Figure	 4.6,	 and	 do	 not	 resemble	 the	 distributions	 of	 precipitation	 (Figure	 4.2).	 Unlike	

























Figure	4.7	 shows	 the	zonal	mean	and	zonally	averaged	 standard	deviation	of	PW.	
Compared	 to	 the	 precipitation	 rate,	 the	 meridional	 structure	 of	 the	 zonal-mean	 PW	 is	
smoother,	again	due	to	 its	spatially	continuous	nature.	As	seen	 in	the	zonal	means,	PW	is	







Because	 PW	 is	 dependent	 on	 temperature,	 its	 variability	 generally	 increases	with	
warming,	and	thus	the	CRE	on	variability	increases	with	warming	as	well.	Whereas	the	CRE	








Interestingly,	 unlike	 precipitation	 and	PW,	 cloud	 fraction	 does	 not	 change	monotonically	
with	temperature,	except	for	the	mid-level	cloud	fraction.	For	example,	the	zonally	averaged	
low	cloud	fraction	is	low	at	290	K,	with	300	K	having	the	highest	fraction	at	high	latitudes,	
and	 280	K	 having	 the	 highest	 fraction	 in	 the	 tropics.	 In	 all	 panels,	 the	 double	 ITCZs	 are	
marked	by	cloud	fraction	maxima	on	either	side	of	the	equator.		
The	 influence	 of	 the	 CRE	 on	 the	 ARC	 is	 shown	 in	 Figure	 4.9.	 Like	 the	 hydrologic	
variables,	 the	 ARC	 increases	with	 SST,	 as	 does	 its	 sensitivity.	 This	 response	 to	warming	
reflects	the	PW	response	to	warming,	since	shortwave	absorption	by	water	vapor	increases	
with	SST	and	so	does	longwave	cooling	(Figure	4.12).	The	CRE	reduces	the	zonal-mean	ARC	
at	 all	 SSTs,	 especially	 just	 off	 of	 the	 equator	 where	 the	 double	 ITCZs	 are	 located.	 The	










The	 ARC	 can	 be	 decomposed	 into	 shortwave	 and	 longwave	 (Figure	 4.11)	















































The	 longwave	 contribution	 to	 the	 total	 ARC	 can	 be	 further	 decomposed	 into	 the	
outgoing	 longwave	 radiation	 (OLR)	 at	 the	 top	 of	 the	 atmosphere	 and	 the	 downwelling	
















This	 is	expected	given	that	 the	 increased	downwelling	longwave	radiation	 from	clouds	 is	
partially	masked	 by	 the	 downwelling	 longwave	 radiation	 from	 increased	water	 vapor	 at	






off	 individually.	 Figure	 4.13	 replicates	 Figure	 4.9	 but	 also	 shows	 the	 influence	 of	 the	
longwave-only	CRE	on	the	zonally	averaged	ARC	(top	panels).	At	280	K,	simulations	with	the	
longwave-only	CRE	closely	resemble	those	with	the	total	CRE	in	the	deep	tropics,	but	differ	
at	 high	 latitudes	 where	 the	 longwave-only	 CRE	 acts	 to	 enhance	 the	 ARC.	 This	 can	 be	
attributed	to	the	increased	longwave	cooling	at	high	latitudes	in	the	lower	troposphere	when	










































Looking	 at	 the	 variability	 of	 precipitation,	 the	 influence	 of	 the	 longwave	 CRE	 is	
generally	very	similar	to	the	total	CRE,	except	in	the	tropics	in	the	warmer	simulations,	and	
in	 the	 extratropics	 at	 280	K,	 where	 it	 enhances	 precipitation	 variability.	 Conversely,	 the	
















































this	 result	 is	 consistent	 with	 other	 idealized	 studies	 showing	 that	 the	 CRE	 enhances	
precipitation	in	the	ITCZ	(Harrop	and	Hartmann,	2016;	Popp	and	Silvers,	2017).	Elsewhere,	
the	effects	of	the	CRE	on	precipitation	are	small,	and	vary	with	latitude.		
The	 zonally	 averaged	 precipitation	 variability	 looks	 very	 similar	 to	 the	 zonally	









FIGURE	 4.19.	 The	 daily	 precipitation	 distribution	 for	 simulations	 with	 a	 meridional	 SST	
gradient.	The	distributions	with	CREs	on	(purple)	and	CREs	off	(teal)	are	overlaid,	so	that	









Following	 the	 SST	 gradient,	 the	 zonal-mean	 PW	 increases	 with	 temperature	 and	
maximizes	 at	 the	 equator	 (Figure	 4.21).	 As	 with	 precipitation,	 the	 CRE	 enhances	 the	











































is	 stronger	 with	 warmer	 SSTs.	 This	 occurs	 because	 mean	 precipitation	 is	 energetically	
constrained,	and	CREs	reduce	the	mean	ARC	by	reducing	the	mean	OLR.	
However,	 CREs	 enhance	 extreme	 precipitation	 at	 280	 K	 and	 reduce	 extreme	





makes	 sense	 that	 where	 the	 CRE	 enhances	 extreme	 precipitation,	 it	 also	 enhances	
precipitation	 variability.	 Conversely,	 where	 the	 CRE	 reduces	 extreme	 precipitation,	 we	
would	expect	it	to	reduce	precipitation	variability.	These	opposite	responses	to	the	CRE	are	
seen	 in	 the	 cool	 and	 warm	 simulations:	 At	 280	 K,	 both	 extreme	 precipitation	 and	
precipitation	 variability	 are	 enhanced,	 whereas	 at	 300	 K,	 extreme	 precipitation	 and	










CRE.	 	 Whereas	 the	 OLR	 variability	 increases	with	 increasing	 SSTs,	 the	 variability	 of	 the	




emphasized	 in	 the	 second	 set	 of	 simulations,	 in	 which	 at	 each	 SST,	 the	 longwave	 and	
shortwave	CREs	are	turned	off	 individually.	When	the	 longwave	and	shortwave	CREs	are	
separated,	 it	 becomes	 very	 clear	 that	 the	 longwave	 CRE	 is	 responsible	 for	 nearly	 all	
variability	 in	 the	ARC.	Additionally,	 the	 longwave	CRE	 is	 shown	 to	enhance	precipitation	
variability	at	cooler	SSTs,	although	its	influence	on	precipitation	variability	at	the	warm	SST	
is	less	consistent	between	latitudes.		
The	 temperature	 dependence	 of	 CREs	 on	 precipitation	 variability	 shown	 in	 the	
uniform	SST	simulations,	however,	do	not	necessarily	 translate	 to	 the	 simulations	with	a	
meridional	 SST	 gradient.	 In	 these	 less	 idealized	 simulations,	 the	 CRE	 reduces	 low-level	
precipitation	and	increases	extreme	precipitation	rates.	This	effect	is	reflected	in	both	the	
zonal-mean	precipitation	and	the	precipitation	variability,	in	which	CREs	enhance	equatorial	




changes	 and	 CREs,	 such	 as	 the	 development	 of	 baroclinic	 eddies	 and	 an	 MJO,	 and	 their	




















on	 precipitation,	 extreme	 precipitation	 scaling	 shows	 better	 agreement	 with	 projected	
extreme	precipitation	rates	in	the	extratropics	(O’Gorman	and	Schneider,	2009;	Muller	et	al.,	
2011).	 Furthermore,	 the	 inclusion	 of	 dynamical	 changes	 is	 necessary	 to	 explain	 regional	
patterns	in	extreme	precipitation	changes	(Pfahl	et	al.,	2017).	
Dynamics	 are	 not	 only	 relevant	 to	 extreme	 precipitation,	 but	 to	 the	 full	 range	 of	
precipitation	 intensities	 as	well.	 Heuristic	models	 show	 that	 changes	 in	 the	 shape	 of	 the	
vertical	 velocity	 distribution	 in	 response	 to	 warming	 can	 explain	 other	 changes	 in	 the	
precipitation	distribution.	For	example,	an	increase	in	the	number	of	dry	days	with	warming	
can	 be	 attributed	 to	 the	 increased	 probability	 of	 downward	 vertical	 velocities	 in	 a	
distribution	(Pendergrass	and	Gerber,	2016).		
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more	 intense	 precipitation	 events,	 which	 stabilizes	 the	 atmosphere	 and	 suppresses	




which	 vertical	 velocity	 can	 be	 used	 to	 communicate	 changes	 between	 the	 large-scale	
circulation	 and	 the	 precipitation	 distribution.	Following	 Chapter	 4,	where	 the	hydrologic	
response	to	cloud	radiative	effects	(CREs)	is	examined,	here	we	focus	on	the	response	of	the	
large-scale	 circulation	 to	 CREs.	 	 In	 particular,	 we	 investigate	 whether	 this	 response	 is	





Chapter	 4.	 Recall,	 the	 first	 set	 of	 simulations	 are	 run	 with	 globally	 uniform	 sea	 surface	
temperatures	(SSTs)	of	280,	290,	and	300	K.	For	each	SST,	simulations	are	run	with	clouds	
that	 are	 radiatively	 active	 and	 inactive.	 In	 another	 set	 of	 simulations,	 a	 meridional	 SST	






which	 they	 occur	 at	 280	 K,	 but	 have	 the	 opposite	 effect	 at	 300	 K	 (Figure	 4.2).	 As	 in	
Pendergrass	 and	 Gerber	 (2016),	 in	which	 the	 distribution	 of	 vertical	 velocity	 is	 used	 to	
explain	 characteristics	 of	 the	 precipitation	 distribution,	 here	 we	 ask	 if	 comparing	 the	
precipitation	and	vertical	 velocity	distributions	 can	explain	 the	precipitation	 response	 to	
CREs.	 In	Figure	5.1,	 the	distribution	of	 the	upward	vertical	pressure	velocity	at	500	mb1											
(-ω500)	 shows	 a	 similar	 pattern	 to	 the	 precipitation	 distribution:	 the	 CRE	 increases	 the	
largest	upward	vertical	velocities	at	280	K,	and	reduces	the	largest	upward	vertical	velocities	
300	K.	Of	course,	the	responses	of	the	upward	and	downward	vertical	velocities	to	the	CRE	
is	 approximately	 symmetrical,	 given	 that	 ascending	 and	 descending	 motion	 must	 be	





cool	 simulations,	 the	 zonal-mean	 vertical	 velocities	 are	 largest	 in	 the	 tropics,	 where	 the	
overturning	circulation	is	strong.	The	zonal-mean	vertical	velocity	maximizes	just	north	and	
south	of	 the	equator,	 indicative	of	 the	double	 Intertropical	Convergence	Zone	(ITCZ),	and	



































280	 K,	 the	 CRE	 enhances	 the	 magnitude	 of	 the	 equatorial	 minimum	 and	 off-equatorial	
maxima	(as	implied	by	Figure	5.1),	but	the	influence	of	the	CRE	at	300	K	is	less	consistent.		
The	meridional	structure	of	the	vertical	velocity	variability	more	closely	mirrors	the	
precipitation	 variability.	 Variability	 is	 enhanced	 by	 the	 CRE	 at	 all	 latitudes	 in	 the	 cool	
simulations,	but	particularly	in	the	tropics	where	the	most	precipitation	occurs.	In	the	warm	






is	 separated	 into	 lower	 and	 upper	 cells.	Here,	 the	 lower	 cell	 is	 characterized	 by	 a	much	
weaker	and	shallower	circulation.	At	both	temperatures,	the	CRE	enhances	and	deepens	the	

























































FIGURE	 5.4	 The	 vertical	 profile	 of	 the	 difference	 in	 the	 zonally	 averaged	 static	 stability	
between	the	simulations	with	CREs	on	and	CREs	off	at	280	K.	
 



































subtropics,	 where	 it	 also	 reduces	 the	 magnitude	 of	 the	 widespread	 subsidence	 that	
characterizes	this	region.	
	 Figure	5.8	shows	that	the	overall	impact	of	the	CRE	on	the	vertical	velocity	is	small	
and	 acts	 to	 enhance	 upward	 vertical	 motion	 at	 500	 mb—is	 this	 influence	 consistent	
throughout	 other	 levels	 of	 the	 atmosphere?	 Figure	 5.9	 shows	 the	 vertical	 profile	 of	 	 the	































































convective	 available	 potential	 energy	 (CAPE)	 as	 a	measure	 of	 stability,	 both	 Harrop	 and	
Hartmann	 (2016)	and	Popp	and	Silvers	 (2017)	 found	 that	 the	CRE	 tends	 to	 stabilize	 the	
tropical	atmosphere,	and	they	mention	that	this	is	inconsistent	with	their	results	showing	
enhanced	 Hadley	 Circulations.	 Near	 150	mb	 in	 the	 upper	 tropical	 atmosphere,	 the	 CRE	
strongly	 reduces	 the	 static	 stability.	 This	 change	 reflects	 an	 increase	 in	 the	 tropopause	
height,	which	is	seen	at	all	latitudes.	Li	et	al.	(2015)	also	found	that	the	tropopause	height	





























upper	 troposphere	 and	 reduced	 temperatures	 in	 the	 lower	 extratropical	 troposphere	
enhance	stability.	In	the	tropics,	the	CRE	enhances	radiative	heating	throughout	most	of	the	

















zonally	 averaged	 vertical	 velocities	 at	 300	 K.	We	 use	 the	 zonal	 standard	 deviation	 as	 a	







SSTs,	 the	 CRE	 enhances	 the	 strength	 of	 the	 circulation,	 despite	 also	 enhancing	 the	
tropospheric	 stability,	 although	 only	 slightly.	 The	 CRE	 also	 increases	 the	 height	 of	 the	
tropopause.	
	 When	the	meridional	SST	gradient	is	imposed,	the	CRE	tends	to	reduce	the	strongest	
upward	 vertical	 velocities.	 This	 reduces	 the	 variability	 near	 the	 equator,	 despite	 the	
influence	of	the	CRE	to	increase	the	zonal-mean	velocity	there.	The	CRE	also	strongly	reduces	
the	vertical	velocity	variability	in	the	subtropics.	The	enhanced	zonal-mean	500	mb	vertical	
velocity	 reflects	 the	 strengthening	 of	 the	 Hadley	 Circulation	 in	 the	 lower	 troposphere,	
although	the	CRE	weakens	the	circulation	at	upper	levels.		
In	the	uniform	SST	experiments,	the	CRE	on	vertical	velocity	variability	appears	to	be	
strongly	 connected	 to	 the	 precipitation	 variability.	 However,	 the	 extent	 to	 which	 the	
influence	of	the	CRE	on	the	vertical	velocity	reflects	the	influence	of	the	CRE	on	the	large-
scale	circulation	seems	to	end	with	the	strengthening	of	the	overturning	circulation	at	280	
K.	 In	 the	 simulations	with	 the	meridional	SST	gradient,	 the	CRE	reduces	vertical	 velocity	
variability	 at	 the	 equator,	 although	 only	 slightly.	 This	 response	 is	 consistent	 with	 the	
reduction	of	vertical	velocity	variability	at	300	K.		
Perhaps	unsurprisingly,	as	a	very	simple	indicator	of	the	changes	in	the	large-scale	







responses	of	 the	warm	 and	 cool	 simulations	 are	 reflected	 in	 the	 precipitation	 variability	












This	overarching	goal	of	 this	dissertation	 is	 to	examine	 the	 role	of	 cloud	radiative	
effects	 (CREs)	 on	 the	 hydrologic	 cycle	 and	 the	 ways	 in	 which	 it	 changes.	 These	 include	
changes	 in	 time—over	decades	 in	 response	global	 rising	 surface	 temperatures,	or	on	 the	






well	 studied	 and	 the	 concept	 is	 well-understood.	 In	 practice,	 however,	 the	 popular	
simplification,	in	which	the	clear-sky	atmospheric	radiative	cooling	(ARC)	is	used	instead	of	
the	 all-sky	 ARC,	 and	 the	 sensible	 heat	 flux	 (SHF)	 is	 ignored,	 is	 puzzling.	 Comparing	 the	
projected	 change	 in	 the	 all-sky	 ARC	 and	 the	 clear-sky	 ARC	 due	 to	 increasing	 CO2	
concentrations,	the	change	in	the	clear-sky	ARC	is	indeed	the	larger	of	the	two,	the	therefore	









the	 CRE	 on	 the	 ARC	 is	 an	 important	 factor	 of	 the	 energetic	 constraint	 on	 hydrologic	
sensitivity.	Furthermore,	although	the	CRE	and	the	SHF	have	relatively	minor	contributions	
to	the	atmospheric	energy	budget	at	present,	we	show	that	the	normalized	change	in	both	











cool	 temperatures	 that	 are	 representative	 of	 extratropical	 environments.	 	 Although	 the	
influence	of	CREs	on	specific	precipitation	features,	such	as	the	Intertropical	Convergence	





the	 precipitation	 rate	 and	 the	 occurrence	 of	 extreme	 precipitation	 at	 300	 K.	 Because	
variability	is	inherently	linked	to	precipitation	extremes,	the	influence	of	the	CRE	on	extreme	
precipitation	 is	 also	 reflected	 in	 the	 variability.	 Therefore,	 in	 regions	 with	 the	 most	
precipitation,	 the	 CRE	 enhances	 precipitation	 variability	 at	 280	 K,	 but	 generally	 reduces	
precipitation	 variability	 at	 300	 K.	 Comparison	 of	 the	 variability	 of	 precipitation	 to	 the	
variability	of	 atmospheric	 radiative	 fluxes	 suggests	 that	 the	 longwave	components	of	 the	
ARC	primarily	influence	precipitation	variability.	
In	 simulations	 with	 an	 equatorially	 symmetric	 SST	 gradient,	 however,	 these	
temperature-dependent	responses	to	the	CRE	are	no	longer	as	clearly	observed.	At	least	in	
part,	we	attribute	the	differences	between	the	simulations	with	uniform	SSTs	and	those	with	
the	 SST	 gradient	 to	 developments	 in	 the	 large-scale	 circulation.	 For	 example,	 when	 the	
equator-to-pole	SST	gradient	is	introduced,	baroclinic	eddies	develop,	as	well	as	a	signal	that	






and	 Gerber	 (2016)	 showed	 that	 the	 vertical	 velocity	 distribution	 can	 be	 used	 to	 explain	
changes	in	the	precipitation	distribution,	and	we	test	that	here.				





influence	of	 the	CRE	on	vertical	velocity	extremes	 is	carried	over	to	 the	variability	of	 the	





	 From	 the	 studies	discussed	above,	new	questions	arise.	 In	Chapter	2	we	used	 the	
atmospheric	energy	budget	to	examine	changes	in	the	global	hydrologic	cycle,	and	we	end	
with	 the	 proposition	 that	 the	 surface	 energy	 budget	 could	 be	 used	 to	 complement	 the	
atmospheric	energy	budget	to	refine	the	energetic	constraint	on	hydrologic	sensitivity.	To	
what	 extent	 does	 this	 improve	 the	 partitioning	 of	 the	 latent	 and	 sensible	 heat	 fluxes?	






middle.	 The	 implication	 is	 that	 the	 influence	 of	 the	 CRE	 on	 precipitation	 (among	 other	
variables)	tends	to	be	very	small,	and	begs	the	question:	Is	there	an	SST	(presumably	close	
to	290	K)	at	which	the	influence	of	the	CRE	is	minimized?	And	why	does	that	occur?		




are	 not	 tailored	 to	 focus	 on	 convective	 aggregation,	 but	 in	 previous	 studies,	 convective	
aggregation	has	been	shown	to	be	sensitive	to	both	CREs	and	SSTs—is	the	influence	of	CREs	
on	aggregation	also	dependent	on	temperature?		
	 Finally,	 it	would	 be	 interesting	 to	 decompose	 the	 final	 set	 of	 simulations	with	 an	
equatorially	 symmetric	SST	pattern	 into	regions	of	warm	and	cool	 SSTs,	which	would	be	
more	directly	comparable	to	the	uniform	SST	simulations.	Can	we	disentangle	the	influence	
of	the	large-scale	circulation	on	precipitation	from	the	temperature-dependent	response	to	
CREs?	And	furthermore,	can	we	pinpoint	the	dominant	sources	of	precipitation	variability	
that	are	caused	by	the	large-scale	circulation?		
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